ABSTRACT This paper presents one of the first studies of the harmonic impact of a significantly large photovoltaic (PV) solar farm of 20 MW in a utility distribution system. This solar farm is a constituent of the 80-MW PV solar farm in Sarnia, Ontario, which is so far the largest solar farm in Canada. The utility network is modeled in detail using the commercial grade PSCAD/EMTDC software, which is validated through load flow studies conducted by CYME software and correlated with SCADA measurements. The validated network model is used for network resonance study and harmonics impact analysis of the solar farms under different network conditions. The harmonics data instrumented for several months were provided by the transmission utility at the two solar farm units and at the main feeder substation. These data were utilized for extensive harmonic impact studies with widely different short-circuit levels and network resonance conditions. This paper presents the detailed procedure adopted for performing such harmonic impact studies. It is concluded that this large solar farm may not cause any substantial voltage distortion on the distribution network during steady-state operating conditions. However, recommendations are made for utilities to perform such studies to ensure the safe operation of critical loads.
I. INTRODUCTION

P
OWER electronic-based generators in the network, such as, a PV system produce harmonics that are injected into the power network [1] , [2] . Distribution/transmission networks are often shunt compensated by bus capacitors for voltage regulation and power factor correction. The combination of overhead line inductances and shunt capacitors together with cable capacitances can resonate at certain frequencies leading to network resonances. The network presents high impedances at these resonant frequencies, which appear as peaks in the frequency scan of network impedance [3] - [7] . If the injected harmonics from power electronic converters or nonlinear loads come close or align with any one of the frequencies of the resonant modes, the voltages corresponding to those harmonic frequencies can be amplified and may damage equipment or cause protective relay failures [5] , [7] , [8] - [10] . A case of parallel resonance in a distribution network system comprising a wind farm and power factor correction capacitors is reported in [11] . Variations in resonant modes were also reported with changes in transmission and sub-transmission network loading conditions [12] and short circuit levels [13] . The harmonic impact of a small scale photovoltaic farm on the distribution network systems is reported in [1] and [14] . Harmonic amplification due to network resonance can potentially be the limiting factor for PV solar connectivity in distribution feeder [15] , [16] .
IEEE 519 Standard recommends that a general harmonic analysis procedure be adopted as part of the system planning process whenever known large harmonic sources exist on a system or when significant dispersed generators are being proposed in a utility network [17] . Bluewater Power Distribution Company (BWP) supplies power to the city of Sarnia which is located in southwestern Ontario, Canada.
Its 80 MW photovoltaic (PV) farm is the largest solar facility in Canada [18] . Its first 20 MW PV plant became operational in 2009. This paper reports the study undertaken on the initiative of Bluewater Power to ensure compliance with IEEE 519 recommendation. This study has been performed with the collaboration amongst a university, a distribution utility, a transmission utility, a solar farm developer, and a solar farm operator. The objectives of this study were to identify if the harmonic injections from the solar farms under widely different operating conditions could potentially exceed safe operating levels in the electrical distribution utility network.
This paper is organized as follows. Section II describes the different components of the utility system under study. The modeling of different components in CYME and PSCAD/EMTDC software, together with the validation of the developed system model with SCADA measurements is presented in Section III. The study of network resonances for different network conditions is elucidated in Section IV. The evaluation of harmonic distortions for different critical cases of solar farm harmonic injections is illustrated in Section V. Actual measurement of harmonic distortions at the solar farm buses are compiled in Section VI. The impact of ambient harmonics is presented in Section VII, while the conclusions of this entire research are enunciated in Section VIII.
II. THE STUDY SYSTEM
A. SARNIA PV SOLAR FARM
The 80 MW photovoltaic solar power plant is served by four 27.6 kV distribution feeders (18M14, 96M23, 96M27, 96M28) as shown in Fig. 1 which is the Geographical Information System (GIS) map of the PV solar systems and the surrounding areas. Each one of these feeders connects to 20 MW PV solar farms which are the constituents of the 80 MW solar farm complex. The studies presented in this paper correspond to the 20 MW solar farm connected to the 18M14 feeder from St. Andrews TS as shown in Fig. 2. 
B. St. ANDREWS TRANSFORMER STATION (TS)
St. Andrews TS, which is owned and operated by the transmission utility Hydro One Networks Inc., is radially supplied from 115 kV circuits N6C and N7C from Scott TS and stepped down to 27.6 kV via two 50 MVA, transformers as shown in Fig. 2 . The transformer station has seven 27.6 kV feeders supplying Sarnia domestic, commercial and industrial loads and is also connected to the 18M14 feeder having two 10 MW solar farms. St. Andrews TS is also equipped with two 20 Mvar capacitor banks (SC1 and SC2) for voltage support.
C. THE 18M14 FEEDER AND THE SOLAR FARM
The 27.6 kV 18M14 feeder supplies power to two large industrial customers besides small commercial and residential loads. These customers are supplied from about 54 pole-mounted transformers with the two large individual loads of about 10 MW and 2 MW, respectively. A set of 1.2 Mvar power factor correction capacitors is located in the vicinity of the 2 MW customer premises. The daily load profile on this feeder is observed to be almost constant between 13-14 MW. The 18M14 feeder is made up of 7.8 km of overhead distribution line and two small segments of three phase underground cable. There are two 10 MW solar farms, Sarnia Solar 2 and Sarnia Solar 5, connected on this feeder and are located about 6.2 km from St. Andrews TS. During situations when the power generated from the solar farms exceeds the feeder load, it flows backwards into the St. Andrews TS.
D. NETWORK DATA ACQUISITION SYSTEMS
The data utilized in this study has been obtained from several sources. Geographical Information System (GIS) provided the physical line data and network configuration. The SCADA data was obtained at BWP office in real time from remote locations. Hydro One installed Schneider ION 7650 meters at the points of common coupling (PCCs) of the two 10 MW solar plants for harmonics and transient event measurements.
III. SYSTEM MODEL DEVELOPMENT
At first, a system model of the utility network was constructed from the available network data. Since some information on network components was either outdated or unavailable substantial efforts were made to acquire reliable data from visual inspections, new measurements and reasonable extrapolations in some cases. CYME software using CYMDIST module [19] was then used to model BWP network utilizing system GIS and SCADA databases, for steady state load flow analyses. The load flow results from CYME were validated from actual SCADA measurements and the process was iterated with updated network models till acceptable accuracy was obtained. The network model was then constructed in the commercial grade electromagnetic transients software PSCAD/EMTDC. The steady state power flow results from PSCAD/EMTDC were then validated again from CYME results. The objective of developing the system model in PSCAD/EMTDC was to perform harmonic studies and transients studies, which was not possible with the CYME software. The modeling of different system components in the two softwares is presented below.
A. MODELING OF GRID/SOURCE AND CAPACITOR
1) CYME MODEL
St. Andrews TS is modeled in CYME as an ideal voltage source behind its short-circuit impedance at the 27.6 kV, 18M14 feeder bus breaker.
2) PSCAD/EMTDC MODEL
For load flow validation, the St. Andrews TS network is modeled in PSCAD/EMTDC software as an ideal voltage source behind the short-circuit impedance at the 27.6 kV, 18M14 feeder bus breaker. However for harmonic studies, St. Andrews TS is modeled as an ideal voltage source behind the short circuit impedance at 115kV. The two 20 Mvar SC1 and SC2 capacitors are modeled at this station.
B. MODELING OF FEEDER 1) CYME MODEL
The 27.6 kV, 18M14 feeder consisting of overhead lines and cables is modeled as R, X and B in CYMDIST on 10 MVA base.
2) PSCAD/EMTDC MODEL
The overhead line and underground cables for the 18M14 feeder are modeled as nominal PI sections in PSCAD/EMTDC. This is a multiphase coupled equivalent PI circuit representation [20] and is used in the studies because overhead line segments and cables for the 18M14 feeder are less than 150/h miles and 90/h miles respectively [3] , [21] , where 'h' represents the harmonic number set at the maximum 30 th harmonic order.
C. MODELING OF LOADS
All loads in the distribution network are reflected on 27.6 kV network and are modeled as constant power loads at the fundamental frequency [3] , [10] , [20] . The loads supplied by the 18M14 feeder are distinctly modeled but remaining loads are represented as aggregated fixed loads [3] .
D. MODELING OF PV SOLAR FARMS
The two 10 MW photovoltaic farms connected to the 27.6 kV, 18M14 feeder from St. Andrews TS are modeled as single aggregated generating sources, as follows.
1) MODELING IN CYME
The PV farms are modeled as active power source with unity power factor at their Point of Common Coupling (PCC).
2) MODELING IN PSCAD/EMTDC
In PSCAD/EMTDC software, the modeling of the inverter based PV solar farm is simplified by modeling the solar farm as an equivalent P-Q bus for load flow validation purposes only. However, for detailed harmonics analyses, the inverter based PV systems are represented as a combination of fundamental and multiple harmonic current sources [22] . The network is considered to be balanced. The ambient harmonics from prior field measurements are found to be less than 5%, which validates the modeling of the PV system by harmonic current sources [3] , [10] . The line impedance between the PCCs of two 10 MW PV systems is negligible, and hence does not create any significant phase differences between these two current sources containing harmonics of same order [3] , [10] .
E. VALIDATION OF NETWORK MODEL THROUGH LOAD FLOW STUDIES
Load flow studies are first carried out using CYME software. Subsequently steady state power flow results are obtained from PSCAD/EMTDC simulation studies. Tables 1 and 2 present voltages and power flows obtained from the two software simulations for the 18M14 feeder during daytime and nighttime, respectively. The real time data from SCADA for the 18M14 feeder is also included in the Tables  for validation purpose. Study results summarized in the  two Tables indicate close correlation between CYME load flow results and SCADA measurements. It was observed that power generation mismatches between CYME results and SCADA measurements, and that between PSCAD and CYME results were less than 4%. Hence both the CYME and PSCAD/EMTDC network models were considered as validated. The PSCAD/EMTDC model was then used for further harmonic studies. 
IV. NETWORK IMPEDANCE STUDIES
The frequency-domain harmonic analysis for the 18M14 feeder from St. Andrews TS was performed using validated PSCAD/EMTDC system model. The frequency scan calculated the Thevenin equivalent network impedances for different frequencies at selected network locations. The plot of positive sequence impedance magnitude versus frequency indicated the network resonance frequencies, i.e., frequencies at which the network exhibited high impedance magnitudes.
Frequency scan studies were carried out at the following locations along the 18M14 feeder: St. Andrews TS, Sarnia Solar 2 and Solar 5 Farms, load capacitor (1.2 Mvar) terminal, and customer load (this load constitutes 80% of BWP's total load on their network systems). Studies were performed to evaluate the influence of station capacitors and short circuit levels on network impedance. Fig. 3 illustrates the frequency scans at the four locations described above when none of the SC1 and SC2 capacitor banks were in service. No network resonances were observed. Fig. 4 shows the frequency scan of the case when one 20 Mvar SC1 capacitor bank is considered connected at St. Andrews TS and the 1.2 Mvar power factor correction capacitor bank installed at the customer load end. This is the normal operating configuration at St. Andrews TS and is referred as a 'base operating case' scenario. Two parallel resonance peaks are found to occur: one between the 2 nd and 5 th harmonic due to resonance with the 20 Mvar SC1 capacitor, and the other around the 25 th harmonic frequency due to resonance with the 1.2 Mvar load power factor correction capacitor.
A. CASE-I: IMPACT OF STATION CAPACITORS
B. CASE-II: IMPACT OF SYSTEM SHORT-CIRCUIT LEVELS
The short-circuit levels at St. Andrews TS varies significantly between summer and winter time. The maximum and minimum short circuit levels at the St. Andrews substation are 600 MVA and 334 MVA, respectively. The X/R ratio is 27.44. Even though the SCL becomes only half in a realistic sense, the cases of one-fifth and four-times SCL are investigated only to examine if any extreme case adverse impacts may be anticipated. It is observed (though not shown) that as the short circuit level (SCL) is varied from one-fifth nominal SCL to four-times nominal SCL, the resonant frequency increases from 2 nd to around 4 th harmonic with 20 Mvar SC1 capacitor in service. Critical operating cases are therefore chosen to result in harmonic peak at 3 rd harmonic (as there is considerable 3 rd harmonic injection from solar farms).
Figs. 5 and 6 show the frequency scan plots for these cases: i) one-third of nominal SCL with 20 Mvar capacitor (SC1), and ii) 4 times nominal SCL with 40 Mvar capacitors (SC1+SC2), respectively. The high frequency resonance due to the load power factor correction capacitor remains almost unaffected by these short-circuit variations and choice of capacitors, and is therefore not shown in Figs. 5 and 6.
V. HARMONICS STUDIES
Harmonics studies were then performed with PSCAD/EMTDC software for different critical scenarios that could potentially lead to a high harmonic distortion of the bus voltages, and to examine if the IEEE 519 [17] criterion for Total Harmonic Distortion (THD) was violated. These scenarios were as follows:
A) Scenario 1: highest 3 rd harmonic injection from solar farms when the network is resonant at 3 rd harmonic frequency [load capacitor with SC1 or (SC1+SC2)]; B) Scenario 2: high harmonic injection during a sunny day for base operating case (load capacitor with SC1); C) Scenario 3: high harmonic injection during a cloudy day for base operating case (load capacitor with SC1); and D) Scenario 4: high harmonic injection with network having no resonances (no capacitors).
In all the cases, ambient harmonics were not considered.
A. SCENARIO 1: HIGH THIRD HARMONIC INJECTION WITH NETWORK RESONANCE AT THIRD HARMONIC
As the network demonstrates a resonance at third harmonic ( Fig. 5 and 6 ), a harmonic study is performed for the critical case of maximum third harmonic emanation from Solar 2 and Solar 5 PV farms for these network conditions. Daily harmonics data provided by Hydro One over the month of June 2012 was analyzed and the harmonic data for a specific day containing a high third harmonic injection from the solar farms was selected for this study, which is shown in Fig. 7 . Simulation results for three cases are obtained: i) base operating case (Fig. 4) ; ii) one-third nominal short-circuit level and SC1 (20 Mvar) connected along with load capacitor (Fig. 5) ; and iii) 4 times nominal SCL, with SC1 and SC2 (40 Mvar) connected along with load capacitor (Fig. 6) ; and are depicted in Tables 3, 4 , and 5, respectively. These Tables  summarize the power 
The common feature among the study cases in three
Tables is that the network resonance is at 3 rd harmonic. The corresponding 3 rd harmonic impedance is about 16.5 and this applies to all study cases. The third harmonics result in peak voltages at this third harmonic frequency. 2. The fifth harmonic voltage measured at the PV farms and shown in Tables 4 and 5 were found to be lower than that given in Table 3 . This is further depicted in frequency scans shown in Figs. 5 and 6 where corresponding 5 th harmonic impedances (<10 ) are substantially lower when compared to the 5 th harmonic impedance shown in Fig. 4 (>10 ) . Hence the magnitude of the 5 th harmonic voltage is obtained to be lower. 3. The 3 rd , 5 th , 7 th and 11 th harmonic voltages measured at St. Andrews TS and summarized in Table 5 were found to be lower than corresponding values given in Tables 3 and 4 due to lower impedances at those corresponding frequencies. 4. Finally, the THDs at St. Andrews TS as shown in Table 5 were found to be lower than the other two cases given in Tables 3 and 4 . This is due to the relatively lower harmonic voltages (V THD ) obtained at the 3 rd , 5 th , 7 th and 11 th harmonics for the high value of system strength considered. Frequency scan analyses show that, even in the event of 3 rd harmonic resonance, there will not be any adverse impact on the 18M14 feeder network system in terms of voltage THD. Further, variation in the short-circuit levels to reflect seasonal climatic condition changes at both 27.6 kV and 115 kV PCCs, does not cause any substantial change in the voltage THD which is well within acceptable limits. In this study, the harmonic currents injected by Sarnia PV farms are assumed to remain the same regardless of changes in network conditions. Fig. 8 shows the power output from one of the PV farms on a sunny day. The corresponding harmonic spectrum, current THD and TDD are then derived and plotted. It is noted that the magnitudes of injected harmonics vary based on the amount of solar power generation. Fig. 9 depicts a snapshot of maximum total demand distortion (TDD) for each harmonic generated on a typical sunny day, which occurred at 8:20 am. Table 4 summarizes all the calculated harmonic parameters. 
B. SCENARIO 2: HIGH HARMONIC INJECTION ON A SUNNY DAY
C. SCENARIO 3: HIGH HARMONIC INJECTION ON A CLOUDY DAY
The PV power generation on a highly cloudy day is depicted in Fig. 10 . The corresponding harmonic spectrum, current THD and TDD are also calculated and included. Fig. 11 illustrates a snapshot of maximum total demand distortion (TDD) for each of the harmonics generated on this highly cloudy day, which occurred at 11:50 am. Table 7 summarizes the voltage THD and current TDD for this case. Comparing the results in Tables 6 and 7 , it is noted that the voltage THD on a cloudy day is much higher due to a substantially increased harmonic generation than on a sunny day. Still the voltage THD is within the acceptable limits per IEEE Standard 519.
D. SCENARIO 4: HIGH HARMONIC INJECTION WITH NETWORK HAVING NO RESONANCES
The above studies were conducted for a network that was resonant around 3 rd harmonic. However, it was noted TABLE 6 . Power, voltage, and harmonics distortion for high harmonics injection on a sunny day for base operating condition (Fig. 4) . TABLE 7 . Power, voltage, and harmonics distortion for high harmonics injection on a cloudy day for base operating condition (Fig. 4) .
that the network impedance at 3 rd harmonic resonance (in Figs. 4 , 5, and 6) is lower than the network impedance at 5 th , 7 th , and 11 th harmonics for the no capacitor case (Fig. 3) . It was therefore decided to perform a THD evaluation for a non-resonant network (with varying short circuit levels) and with a generally very high harmonic injection in the range of frequencies beyond 5 th harmonic. An evaluation was carried out over a one month period to determine a set of very high harmonics injection over a broad range, which is shown in Fig. 12 . Table 8 summarizes the simulation results for the case of 1SCL. (Fig. 3) .
It is further observed that the voltage THD at Solar Farm 2 increases from 1.094 to 1.129 when the system strength decreases from 1SCL (Table 8 ) to 1/3rd SCL (not shown).
VI. THD AT PV SOLAR FARMS
Hydro One Networks Inc. monitored the harmonics at St. Andrews TS and Sarnia Solar 2 and Solar 5 PV farms using Schneider ION 7650 meters. These meters were located at the PCCs where they were sampled at 128 samples/cycle for 14 cycles recording voltage and current waveforms. Measurements taken at the 10 MW Sarnia Solar 2 PV farm over the week of June 8 -15, 2012 depicting full sunny days and partial cloud covered days, are shown in Fig 13(a) . The corresponding computed Total Harmonic Distortions (THDs) are shown in Fig. 13(b) . Similar data was recorded and corresponding THD values were obtained at 10 MW Sarnia Solar 5 PV farm (although not shown).
The dominant harmonics were seen to be the 5 th , 7 th , 11 th and 13 th harmonics. The highest voltage THD at Sarnia Solar 2 PV farm was observed to be 2.1% on the most cloudy day Monday. The lowest voltage THD was noted to be 1.5% on the full sunny day Wednesday. These measurements exemplified that the voltage THD is higher on cloudy days owing to high harmonic injections. A similar trend of voltage THDs was also observed in the simulation studies for sunny and cloudy day reported in Tables 6 and 7 , respectively, which correlates with actual measurements. The measured voltage THDs are noted to be generally higher (2.1% on cloudy day and 1.5% on sunny day) compared to the voltage THDs obtained from simulation studies (1.164% on cloudy day and 0.843% on sunny day). This is because ambient harmonics were not considered in PSCAD simulation studies.
VII. IMPACT OF AMBIENT HARMONICS
The ambient harmonics were measured at the solar farm PCCs and the voltage THD was found to be about 1.22% during the same period. It is reasonable to extrapolate that the above ambient harmonics can cause the simulated voltage THDs to increase from by 0.936% (2.1% -1.164%) on cloudy days and by 0.657% (1.5% -0.843%) on sunny days. The ambient harmonics do not directly add with the injected harmonics due to harmonic cancellation [2] , [3] , [10] . Although the measured voltage THD is within the limits specified in IEEE Standard 519, this could worsen in situations where higher ambient harmonics exist. For example, the maximum ambient voltage harmonic distortion in a distribution utility network was measured to be 2.69% [14] . If this distortion level were to exist at Sarnia Solar 2 (10 MW) and Solar 5 (10 MW) PV farms, the maximum voltage THD could possibly exceed 3.5%. Although this lies within the IEEE-519 Standards limit, it might not be acceptable for critical voltage sensitive loads such as in hospitals, where the distortion limit should be kept below 3% due to sensitive medical electronic equipment [23] .
VIII. DISCUSSIONS
It is understood that an accurate impact of harmonics can only be assessed based on a system model that is validated both at fundamental frequency and harmonic frequencies. However, per the Summary of the paper [3] by the IEEE Task Force on Harmonics Modeling and Simulation, ''. . . In general, a harmonic analysis method is a function of the problem to be solved. The analysis method should represent a compromise between the required accuracy of the solution and the availability of system data''.
The study of the harmonic impact of such a large scale 20 MW PV solar farm was being performed for the first time in the utility network of Bluewater Power. There was no prior system model available for such a study. Several pieces of information about network components on this 7.8 km long line and cable segments were either outdated or even missing. A significant effort involving two students from Western University and several staff members from Bluewater Power utility was launched to determine the network data. Each and every component of the network was actually inspected, cable sizes were physically measured and their data was obtained.
In several cases where no data was available, Westinghouse handbook and data-books from different sources were utilized to either obtain or extrapolate data. Several cycles of load flows were run and matched with SCADA results. The model was continuously refined as more and more data got acquired, and the accuracy became improved. This continued till an accuracy of less than 4% was obtained between the CYME load flow results and SCADA measurements for fundamental frequency voltage and currents, and power flows. This entire exercise took more than nine months.
Harmonic analysis was then performed for several cases and the trends were validated with the data acquired by the ION meters installed by Hydro One only for this project. Two important factors were noted: i) the voltage THD caused by the ambient harmonics was measured to be about 1.22%, and ii) the worst case voltage THD over a one year period was measured to be 2.3% (including ambient harmonics), which was well within the THD limits stipulated by IEEE Std. 519.
Considering the above two facts, the Summary of [3] stated above, and the significant time and manpower effort required to develop only the fundamental frequency validated model of the network, a joint decision was taken by the project team comprising Western University, Bluewater Power and Hydro One, that efforts to develop an elaborate model validated for harmonic frequencies may not be justified in this specific case. If the worst case THD was to get close to limits specified by [17] , this detailed modeling work might have been undertaken.
IX. CONCLUSION
This paper presents one of the first harmonic studies for a large 20 MW PV solar farm in Bluewater Power distribution utility network in Canada. A detailed model of the 27.6 kV network including PV solar farms is developed in CYME load flow software and validated with SCADA measurements.
The validated network is utilized in PSCAD/EMTDC software for extensive network resonance and harmonic studies. Harmonic analyses were conducted for varying system short circuit levels and solar radiation. Worst case harmonic injections were determined from data accumulated over several months of solar farm operation. The following conclusions are made.
1 (Table 8 ). 5. The worst case voltage THD on solar farms was observed for a cloudy day for a network which was resonant at 3 rd harmonic. 6. The trend of voltage THDs obtained through PSCAD/EMTDC simulations correlated with that obtained from actual measurements at the solar farms. 7. The actually measured voltage THDs at the solar farms were higher than the simulated values for those cases due to ambient harmonics which were not considered in simulation studies. 8. Ambient harmonics can potentially increase the harmonic impact of PV solar farms to unacceptable levels, more so during weak system conditions. 9. In all simulations and measurements, the steady state voltage THDs at solar farms and at St. Andrews TS were well within the 5% limit specified by IEEE Standard 519. The impacts of ambient harmonics and harmonics generated during transient situations (capacitor switching etc.) have not been considered in this simulation study. Based on the systematic procedure described in this work, it is recommended that utilities having PV solar farms perform detailed harmonic studies to determine the potential voltage THDs that can occur, especially if their networks are weak, have shunt capacitor resonances, and if their lines have high ambient harmonics. This study is almost essential if utilities have critical voltage sensitive loads such as hospitals etc.
